Mercury-Sensitized Photo-Assisted Chemical Vapor Deposition (Hg-Photo-CVD) technique opens new possibilities for reducing thin film growth temperature and producing novel semiconductor materials suitable for the future generation of high efficiency thin film solar cells onto low cost flexible plastic substrates. This paper provides some experimental data resulting from the optical characterization of hydrogenated amorphous silicon thin films grown by this deposition technique. Experiments have been performed on samples deposited at different temperatures, with and without thermal annealing.
I. INTRODUCTION
Hydrogenated amorphous Silicon (a-Si-H) is one of the most attractive semiconductor materials for the elaboration of thin, flexible and cheap solar cell devices [1 -4] . It is distinguished by a large optical gap in the required range for optimal PV conversion, and a high optical absorption within the maximum of solar spectrum [9] . So, a large part of solar energy is absorbed in a small thickness of the material allowing to make solar cells in the form of very thin films. 1 The performances of a-Si:H solar cells are intimately related to the film structure determined by the preparation method and the experimental conditions adopted during the deposition process. Various deposition techniques have been employed [13 -18] . Among them, Plasma-Enhanced Chemical Vapor Deposition (PECVD) [18 -23] still the most commonly used for the direct growth of a-Si:H thin films on low substrate temperature, and SiH4 heavily diluted with H2, are generally used as the reactants. However, PECVD has yet two serious drawbacks: the surface damages which result from the impinging charged particles with 1 high energy of the plasma, and the impurities incorporation which results from sputtering because of the high potential difference between substrate and electrodes in the reactor [24] . Recently, Myong et al. [30] reported that Mercury-Sensitized Photo-Assisted Chemical Vapor Deposition (Hg-Photo-CVD) is an efficient method for deposing high quality a-Si:H thin films at temperature as low as 120˚C. They also showed how this technique is promising for developing an innovative generation of nano-crystalline silicon (nc-Si) thin film solar cells fabricated onto low cost flexible plastic substrates.
At home laboratory, after a long time working on a-Si:H thin films prepared by radio frequency cathodic sputtering technique [25 -29] , we are presently focusing on Myong et al. achievements and trying to perform some significant original contributions in this new topic. So, the conception and realization of a new a-Si:H thin films deposition set up based on the Mercury-sensitized photo-CVD technique [31 -33] is progressively developed in our laboratory. This set up is quite similar to that performed by Aka some years ago in France [34 -37] . The specific research program we are currently carrying out on this new system consists in depositing good quality a-Si:H and nc-Si thin films in the perspective to contribute in the development of the future generation of low cost powerful terrestrial solar cells. To conduct well this research program, we initially performed an extensive bibliographical work on 11 1 ©2009 The Moroccan Physical and Condensed Matter Society fundamental points characterizing both a-Si:H and nc-Si materials and Hg-Photo-CVD technique. That is what we have tried to recall and review through the bibliographical synthesis we have published in recent papers [38 -41] .
In the present work, we provide the readers with some experimental results we have obtained on this subject. We have prepared a-Si:H thin films using the Hg-Photo-CVD technique and we have studied how optical characteristics of these films change with increasing the substrate temperature during the deposition and what effects may be observed from a post-deposition thermal annealing.
II-EXPERIMENTAL DETAILS

II-1-Description of Hg-Photo-CVD system
The Hg-photo-CVD set up we developed in our laboratory is very simple. Its schematic diagram (figure 1) is described elsewhere [38 -41] . It consists mainly of a cylindrical horizontal quartz reactor in the form of a special tube with size and dimensions as specified in figure 2 . This tube, used as a deposition chamber, has two access gates for the entries and exits of gases. It is equipped with a small reservoir containing a small quantity of liquid mercury (Hg bath) which can be thermally controlled independently of the remainder of the system. The inner surface of the tube may be coated with low-vapor-pressure Fomblin vacuum oil to prevent any film deposition on [42 -44] . The substrate support has a rectangular form and can be of graphite or of stainless steel. It is heated through a thermo-coax wire and equipped with a Chromel-Alumel thermocouple to measure the substrate temperature Ts in a wide range [ 200˚C, + 1000˚C]. Well-cleaned high resistivity crystalline Si wafers or Corning 7059 glass can be used as substrates. The distance between the tube inner surface and substrates is about 3 cm. The UV light source consists of a series of PHILIPS-TUV low pressure Hg lamps radiating both 253.7 nm (40 mW/cm 2 or ~ 30 mW/cm 2 at 3 cm distance) and 184.9 nm (less than 10 mW/cm 2 or ~ 5 mW/cm 2 at 3 cm distance) resonance lines. Since the transmittance of the quartz tube for the 253.7 nm and 184.9 nm wavelengths is 82 % and 20 % respectively, the 253.7 nm resonance line of UV light is dominantly irradiated into the reactor. The series of Hg lamps are set up under an aluminum reflector placed at about 5 cm distance from the reactor. The vacuum system is composed of two pumps. The first one, with pallets, is used to obtain a primary vacuum and to purge gases of the reactor. The second is a diffusion pump allowing evacuation down to a pressure of 10 -6 Torr during the back out of the reactor prior to the growth. The inside total gas pressure is adjusted by a conductance valve and measured by a MKS Baratron capacitance manometer placed rightly in the entry of the reactor. This manometer has the advantage to indicate pressure values independently to the nature of gas used, contrary to the Pirani gauges that we have associated to the vacuum pumps. Reactant gases, mainly SiH4 and H2, are introduced into the reactor through the Hg bath usually kept at a temperature between 35˚C and 50˚C. Thus, a very small amount of Hg vapor is automatically mixed with the gases and introduced into the deposition chamber. The Hg vapor atoms, then introduced, enhance the dissociation of SiH4 [45] because of its weak optical absorption in the 190-200 nm wavelengths region [46, 47] .
Because our Hg-photo-CVD set up is quite similar to that performed by Aka [34 -37] , we suppose that experiments we may conduct on both systems in the same conditions should provide the same results. with N2 buffer inert gas. This dilution is required for both economical and safety reasons since the presence of N2 at high enough concentration eliminate the explosive character of some hazardous reactions as specified in the literature [48] . The gas mixture was introduced into the reactor through the Hg bath to carry a very small amount of mercury vapor. The SiH4 flow is controlled by a micro-valve. The substrates used are of Corning 7059 glass with a small surface of about 1 cm 2 .
Before any deposition, they have been submitted to an appropriate cleaning to prevent eventual contaminations. Indeed, they were degreased in trichlorethylene, cleaned in acetone, carefully rinsed in running de-ionised water, and finally dried under a nitrogen gas flow, before placing them into the reactor. The substrate temperature (Ts) being the main parameter that we intented to vary, substrates were then inserted in the reactor and heated up the desired temperature ranged from 100°C to 400°C by step of 100°C. Table 1 summarizes all our experimental growth conditions. They have been chosen on the basis of results deduced from previous works [34] . After 30 min deposition run, thin films obtained are with a good adherence. They are supposedly homogeneous and their thickness is uniform and does not exceed 0. 
T able 1 : Summary of growth conditions
III-3-Experimental analyses
The whole hydrogen concentration as well as its spatial distribution in the films was determined by the ERDA technique [49] . Their optical properties were measured by means of a Beckman UV-5270 spectrophotometer operating with a double beam in a wide spectral range (0.25 μm -3 μm). Transmission measurements were taken by means of the differential method [50] which consists in determining the transmission of the layer together with its substrate by comparison to another identical virgin substrate used as reference. Under these conditions, the influence of the substrate on the transmitted light is practically negligible [50] . Some samples have also been characterized using Infra-Red Spectroscopy measurements to look at how hydrogen atoms are bonding within the lattice.
III -RESULTS AND DISCUSSIONS
Thin films obtained were characterised immediately after deposition without undergoing any particular processing. Some of them were examined before and after being thermally annealed.
III -1-Measurements performed just after thin films growth
These measurements were performed on a-Si:H thin films deposited on substrates whose temperature ranges from Ts = 100°C to Ts = 400°C by 100°C step. In order to determine the total concentration of hydrogen in these as-deposited films, ERDA measurements have been systematically performed on all of them. The results are summarized in table 2. We can easily note that thin films are, in general, highly hydrogenated. This could be explained by the SiH4 low flow we have used for the films growth process [34] . We can also clearly note that hydrogen relative content in the films decreases quite regularly according to increase of their growth temperature.
Ts Figure 3 shows a typical transmission spectrum (normalized to that of the substrate) obtained for the aSi:H thin film deposited at Ts = 200°C. All the other transmission spectra obtained for the different a-Si:H samples deposited at various Ts practically present the same form. They all exhibit two clearly distinct slopes [51] . The first one, in which interference fringes (oscillations) are seen, is commonly named the transparency zone or the zone of weak absorption. In the second one, which is well known as the zone of high absorption, the signal is strongly reduced. By exploiting the different transmission spectra corresponding to the various Ts values, and using the mathematics expressions reported in reference [52] , we were able to determine the main optical characteristics of our samples, especially the refraction index (n), the optical gap (Eg) and the Urbach energy (Eu) [53] . It should be interesting to remember that the latter draws light on the density of the energy states localised in the tail of the valence band, which are generally attributed to the structural disorder in the material [54] .
In figure 4 , we reproduce the dependence of refraction index n with the wavelength  for all Ts considered. The values of n were adjusted using the dispersion law of Sellmeiere (equation 1) [55] .
where n ∞∞ is the refraction index obtained by extrapolation towards the infinite; b and λ0 are constants determined by the n(λ) curve fitting.
From figure 4, we can note that n values are relatively low but similar to those obtained by both Zarnani et al. [56] and Toyoshima et al. [57] in the case of thin films photo-deposited from Si2H6 and Si3H8 by means of Excimer laser emitting at 193 nm. It is also clear that, when Ts increases, n(λ) curve shifts towards higher n values. This evolution, which has already been observed by many other authors [56, 58 -60] , should be closely associated to the hydrogen concentration in the layers. In others words, when the hydrogen content decreases, the density of dangling bonds in the film increases in parallel with the layer absorption and, then, an enhancement of the refraction index is observed. Indeed, for a given material, the more its absorption is higher, the more light reflection at its surface is better (metallic luster). ( ) ( )
α is the absorption coefficient, hν is the photon energy, B is a coefficient of proportionality, α0 and hν0 are constants depending on depositing conditions of the films. We notice that Eg and Eu evolve into strictly opposing directions: when one increases the other decreases. This clearly confirms the very close relationship existing between these two parameters because of the presence of a more or less important density of dangling bonds in the material. Figure 5 also shows that, when Ts increases, Eg decreases quickly. Co-jointly, Eu perfectly develops in the opposite direction. From these results, we can say that for low Ts, hydrogen incorporation saturates dangling bonds in the deposited layers. This leads to a clear improvement of Eg and Eu. When Ts = 100°C, the density of dangling bonds is minimal and hence, the optical performances of the layers are optimal (Eg is maximal and Eu is minimal). When Ts becomes high and higher, the out diffusion of hydrogen from the material should be more and more important. The less presence of hydrogen in the material generates new structural defects. This has negative repercussions on the optical performances of the layers, and leads to a diminution of Eg, accompanied by an increase of Eu, as seen in figure  5 .
III -2-Measurements performed after thermal annealing
After examining the effects of growth temperature on the optical properties of a-Si:H thin films immediately after their photo-depositing, we focused on the changes that would affect these properties after thermal annealing. It is essential to keep in mind that stability of photovoltaic a-Si:H compounds depends on their normal functioning temperature and on the thermal solicitations to which they are sometimes compelled to be submitted. This is why many studies hold on this extremely important aspect of the problem [62 -66] .
The effect of annealing temperature Ta we are studying in this section is especially interesting for removing defects, inherently existing in the amorphous structure, in order to improve the conduction properties of the material.
While heating an a-Si:H sample, at least two main different situations may be observed. In the first one, a reversible annealing effect happens. This means the material optical parameters, such as α and n, recover their initial values at ambient temperature as soon as the heating is stopped. In this case, the material doesn't keep any trace of the annealing effect. In principle, this reversible effect should occur for annealing temperatures lower or closer to the growth temperature Ts. In the second possible situation, an irreversible annealing effect happens. This means that heating has modified the material properties and, therefore, measurements at the ambient temperature couldn't give back the initial values of parameters.
To perform this part of work, we have prepared four a-Si:H samples under experimental conditions similar to those mentioned above, using a Ts fixed at 200°C. One of the samples is kept as a control. The other three were each submitted to 2 hours isochronal thermal annealing in a conventional furnace under 10 -6 mbar vacuum. Annealing temperature Ta was chosen to be the variable parameter of which we try to determine the effect. Ta was fixed at 340°C for the first annealing, at 400°C for the second and at 570°C for the third one. Since Ts was fixed at 200°C, the control has been considered therefore as a sample thermally annealed at Ta = 200°C. Figure 6 shows the spectral scattering of the refraction index n for all the annealed samples. We notice that thermal annealing induces a clear n increasing in the whole-explored spectral range. This increase is obviously slight for Ta = 340°C but, when Ta reaches 570°C, it becomes so important that, for high , n reaches typical values usually measured on silicon crystals [67] . With regard to this result, we can already say that thermal annealing at 570°C allows a partial crystallisation of the deposited layer. Hence, we meet literature data which show that amorphous silicon crystallises at a critical temperature between 550°C and 700°C during annealing process [64] . In this context, it is most important to recall what Chahed et al. [63] have previously published on the basis of their experimental results obtained from X-rays analysis. They found that, for as-deposited a-Si:H thin films as well as for low temperature annealed ones, the film density is distinctly weaker than that of crystalline silicon. Only thermal annealing at temperature as higher as 600°C enhances the densification of the films and reduces significantly their thickness. Therefore, the evolution of the thin films optical parameters with thermal annealing should be examined according to the structural modifications of the layers. Basically, these modifications result from some hydrogen out-diffusion during thermal processing allowing the resurgence of structural defects depending strongly on how stable the various hydrogen configurations in the layers are. Indeed, thermal annealing at increasing temperature up to the crystallization stage produces a progressive outdiffusion of hydrogen. However, for the bounded hydrogen atoms, this out diffusion is generally observed for Ta distinctly higher than Ts. For the lower Ta, thermal processing only induces some homogeneity in the structure of as-deposited layers without any significant effect on their electronic properties [63] . In contrast, thermal processing at much higher temperatures may induce thermal constraints generating new structural defects in the layers [66, 68, 69] .
In figure 7 , the variations of Eg and those of Eu with the annealing temperature Ta are both reported on the same graph. The first remark is the close relationship that links these two parameters making their evolution curves quite symmetric. Furthermore, these curves present an important similarity with those found in the literature [34] . The examination of the two curves above allows noting the following points: a) For the non annealed sample (control), Eg and Eu present values practically equal to those measured above in the sample that was prepared in the same experimental conditions ( figure 5 ). This proves that our results are reproducible. In other words, the structural quality of the deposited layers is practically influenced only by deposition experimental conditions which are entirely under control.
b) The irreversible effect starts at 200°C which is precisely the value of growth temperature Ts (Ta = Ts). Between 200°C and 570°C, Eg decreases from 2.04 eV to 1.67 eV. c) Thermal annealing at 340°C or at 400°C simultaneously leads to a decrease in Eg and to a proportional increase in Eu. On the basis of literature data [34] , we attribute this to a partial out-diffusion of hydrogen resulting from a break of the less stable bonds of SiH2 and SiH3 that have been formed in the material during the growth. d) After annealing at 570°C, Eg decreases considerably reaching a value of 1.67 eV. Simultaneously, Eu increases to reach an average value of 136 meV. Logically, and in the same way as in the two first annealings operated at 340°C and 400°C, these variations can also be attributed to the out diffusion of a higher quantity of hydrogen as a result of the break in the more stable bonds of Si-H [34, 70] . Nevertheless, this interpretation is not sufficient to explain well the changes we observed, even if we assume that the quantity of hydrogen incorporated in the material during depositing has wholly out diffused. Indeed, after an annealing at 570°C, Eg and Eu values are very different from those measured on a non annealed sample deposited in the same experimental conditions at a temperature Ts = 570°C. This proves that, even if the out diffusion of hydrogen is total, it cannot explain by itself the observed results. Taking in consideration the values of Eg and Eu obtained, we think that the most plausible interpretation of our results should combine the hydrogen out diffusion phenomenon to an efficient process of crystallisation of the layers, which is well favoured by the high values of Ta [62, 65, 71, 72] . However, the creation of new structural defects in the material because of thermal constraints and heating is not excluded [73] .
IV-CONCLUSION
The present paper is exclusively dedicated to the presentation of the new Hg-Photo-CVD set up we have developed at our laboratory, and the exposition of some experimental results obtained by these kinds of thin films photo-deposition systems. We have studied the effect of the substrate temperature Ts during the growth process, as well as the post-growth thermal annealing temperature Ta, on the optical parameters of a-Si:H thin films photo-deposited by this technique. Usually, in the photo-assisted process, the depositing rate increases with the intensity of UV light generated by the source of photons. In our study, because we have used the available low pressure Hg lamps as UV source, the thin films growth rate was relatively low. The obtained results show that as deposited thin films hold a very high quantity of hydrogen (about 40 % for Ts = 100°C) and a small refractive index n in the visible range of light. The absorption thresholds as represented by the optical gap Eg are in the range of 1,58 eV and 2,2 eV. These results are close to those already published in the literature. For low Ts, hydrogen atoms saturate most of dangling bonds existing in the deposited layers. This is shown through the correct values obtained for the optical gap Eg and the Urbach energy Eu. For higher Ts, hydrogen begins to out-diffuse and the optical performances of the layers start decreasing.
After thermal annealings, at least two processes can be identified from the variation of optical parameters with annealing temperature Ta. The first one occurs when Ta is close to Ts or moderately higher such as 340°C or 400°C. It consists in the liberation and outdiffusion of a high quantity of hydrogen atoms, which are incorporated in the layers but weakly bounded in the matrix. Of course, this hydrogen out-diffusion should be Optical characterization of a-Si:H thin films grown …. followed by a reconstruction of the material leading for some structural disorder. The second process is the matrix annealing which occurs when the annealing temperature is much higher than Ts. It is generally accompanied by the generation of a high density of dangling bonds in the material because of the broken strong Si-H bonds, the out-diffusion of extra hydrogen atoms and also the generation of new structural defects because of thermal constraints. However, at least a partial re-crystallisation of the layers should happen. 
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